Introduction
The dopamine theory of schizophrenia that proposes increased dopaminergic transmission in striatum is the oldest and most established hypothesis, having been in existence for more than 30 years. 1, 2 However, the pathophysiology of schizophrenia cannot be accounted for by dopamine alone. 3, 4 Intriguing evidence from clinical and basic science studies as well as from animal models have proposed the critical involvement of other neurotransmitter systems in the pathophysiology of schizophrenia, most notably of dysfunctions in the glutamate 5, 6 and gamma-aminobutyric acid (GABA) 7, 8 system. A striatal hyperdopaminergic state may be derived from the cascade of events involving glutamatergic and GABAergic neurotransmission.
In particular, alteration of the GABAergic system has been implicated in the pathophysiology of schizophrenia. 8, 9 Converging evidence from postmortem studies in schizophrenia has shown altered GABA neurotransmission in the prefrontal cortex such as deficits of prefrontal GABA interneurons 10 and decreased mRNA expression of glutamic acid decarboxylase (GAD), a rate limiting enzyme for GABA synthesis. 7 Although primary emphasis has been placed on assessing the prefrontal cortex, these GABAergic dysfunctions have been observed in the striatum as well. The GABAergic alteration in the striatum has been supported by some postmortem evidence of GABA-A receptor alterations in the striatum 11, 12 and of epigenetic changes of decreased mRNA expression of reelin and GAD in basal ganglia GABA neurons from schizophrenic brain tissues. 13 In vivo neuroimaging studies in schizophrenic patients have also provided evidence of GABAergic alteration in the striatum. A proton magnetic resonance spectroscopy (MRS) study showed that decreased GABA concentrations in the basal ganglia were present in early phase (duration of illness less than 6 months) schizophrenic patients. 14 Furthermore, because the striatum is comprised almost entirely of GABAergic neurons 15 and striatal neurons receive prominent inhibitory GABAergic inputs as well as massive dopaminergic and glutamatergic inputs, 16 the striatal GABAergic system may play a key role in modulation of the cortico-striatal circuit through interactions among GABA, glutamate, and dopamine in schizophrenia. In addition to the striatum, the medial temporal area is another potential region of GABAergic alteration in schizophrenia. In 15 chronically medicated patients, a single photon emission computed tomography study using [
123 I]-iomazenil showed a significant negative relationship between binding in the left medial temporal region and positive psychopathology. 17 In antipsychotic medication-naive (n = 6) or -free (n = 5) patients, though they were not young (mean age: about 33 years), a positron emission tomography (PET) study using a [
11 C]-Ro15-4513, a GABA-A/benzodiazepine (BZ) receptor partial inverse agonist, also showed a significant negative association between GABA-A/ BZ receptor binding in the hippocampus and negative psychopathology. 18 Although those previous reports showed no significant difference for GABA-A/BZ receptor bindings between schizophrenia patients and normal controls, the significant relationships of medial temporal (hippocampal) GABAergic binding with psychopathology suggest that inhibitory GABAergic transmission in this area may result in increased striatal glutamatergic afferents from the hippocampus leading to psychotic symptoms. Taken together, there may be altered GABA transmission in the striatum and the medial temporal area, which may play a pivotal role in the development of schizophrenia.
To examine the nature of GABAergic system alterations in the development of schizophrenia, changes to the GABAergic system should be evaluated in young patients at the prodromal phase, because prodromal young patients are relatively less affected by secondary processes including long-term effects of psychotropic medications and neurobiological compensatory changes, which are potential confounding factors of the above-mentioned postmortem and in vivo imaging studies. Recently, a novel strategy was developed to identify people at ultra-high risk (UHR) for developing psychosis, with a probability of 16%-35% within 2 years. 19, 20 A series of in vivo imaging studies were conducted by McGuire and his colleagues in UHR individuals, [21] [22] [23] which revealed abnormal interactions between glutamate levels in the hippocampus and increased dopamine uptake in the dorsal striatum before the onset of psychosis. 21 These findings suggested that altered signaling pathway between striatal dopamine neurons and hippocampal glutamate neurons in UHR individuals may be influenced by inhibitory GABAergic transmission in the hippocampus. However, as far as we know, there has been no in vivo research of GABAergic alteration in individuals at UHR, "putative" prodromal stage of psychosis.
In vivo measurement of central GABAergic alteration in UHR is crucial to examine the role of GABAergic system in the pathophysiology of psychosis development. Functional neuroimaging using radiolabeled flumazenil, a specific neutral competitive antagonist, at the BZ recognition site of GABA-A/BZ receptors containing α1, α2, α3, or α5 subunits has been widely used to measure central GABA-A/BZ receptor. 24 In particular, [
18 F]-fluoroflumazenil (FFMZ) has a high affinity for the GABA-A/BZ receptor and a long half-life, enabling neuroimaging of GABA-A/BZ receptor distribution in the living human brain. 25, 26 In the present study, we investigated whether BZ-naive UHR individuals demonstrate GABA-A/BZ receptor binding potential (BP) abnormalities in comparison with normal controls by using [ 18 F]-FFMZ PET. Based on previously established converging evidence, we performed not only exploratory whole-brain analysis but also confirmatory region of interest (ROI) analyses in the brain regions including the striatum (caudate, putamen, and nucleus accumbens) and the medial temporal area (hippocampus and parahippocampal gyrus). In addition, we examined the relationships between regional GABA-A/BZ receptor BP and findings of psychopathology and neurocognitive performance in UHR individuals.
Methods

Subjects
Eleven BZ-naive individuals at UHR and 15 normal controls participated in the present study. People at UHR were recruited from the Clinic FORYOU of the Green Program for Recognition And Prevention of Early Psychosis (GRAPE) project at Severance Hospital and Severance Mental Health Hospital of the Yonsei University Health System. The details of this GRAPE project have been described elsewhere. 27 Axis I psychiatric disorders were assessed in all subjects by a trained psychiatrist (K.K.R.) using the Structured Clinical Interview for DSM-IV (SCID-IV). 28 Subjects with past or current psychosis, any drug use disorders, neurological disorders, or mental retardation were excluded. In the control group, subjects with any past or current psychiatric or neurological illness were excluded. Subjects with prior history of radiation exposure for research purposes or in the workplace were excluded. In addition, subjects who have been exposed to BZs were excluded by history taking and chart reviews. All subjects were right handed.
The diagnosis of the UHR group was based on the SIPS, 27 ,29 a specific assessment tool for people at UHR that assesses presence and severity of 4 prodromal symptom subdomains: positive, negative, disorganization, and general. Each subscale consists of 4-6 items (19 items total) rated on a 7-point severity scale (scored, 0-6). UHR subjects satisfied one or more of the 3 prodromal syndromes outlined in the SIPS: (1) brief intermittent psychotic syndrome (BIPS), which has emerging psychotic symptoms with spontaneous remission in <1 week; (2) attenuated positive prodromal syndrome (APS), which has attenuated subthreshold positive psychotic symptoms; or (3) genetic risk and deterioration syndrome (GRDS), which is a combination of genetic risk for schizophrenia and recent functional decline. All UHR individuals in the present sample met the APS criterion, and one and three subjects also met the GRDS and BIPS criteria, respectively. The UHR group members were also clinically rated with the MontgomeryÅsberg Depression Rating Scale (MADRS). 30 In addition, neurocognitive functions were evaluated using the California Verbal Learning Test (CVLT), 31 Continuous Performance Test (CPT), 32 Stroop Test, 33 Wisconsin Card Sorting Test (WCST), 34 Controlled Oral Word Association Test (COWAT), 35 and Figure Fluency Test 36 for neurocognitive domains including verbal memory, continuous attention, and executive function that have previously been reported as impaired in both UHR 37 and schizophrenia. 38 All psychiatric evaluations were recorded within 1 week before or after scanning.
This study was performed under the guidelines established by the Institutional Review Board at Severance Hospital and Severance Mental Health Hospital of Yonsei University Health System. The study information, including the PET scanning procedures and specific information about the risks of the radiation exposure, was fully explained to the subjects. Written informed consent was obtained from all subjects before participating in the study and additionally from their parents if subjects were less than 18 years of age.
PET Protocol
All subjects underwent PET scanning using 
Data Analysis
Voxel-by-voxel BP was calculated from dynamic [18F]-FFMZ-PET images using a multilinear reference tissue method 40 with reference tissue activity coming from mean activity within the manually delineated pons using PMOD software (PMOD Technologies Ltd). The BP in this study indicates the ratio of specifically bound radioligand to that of nondisplaceable radioligand in tissue at equilibrium, ie, BP ND according to the consensus nomenclature. 41 For this study, we assumed that there is no significant difference in nondisplaceable uptake at pons between groups. Several evaluations showed that the current reference tissue model with the pons activity as a reference is very reliable and has a very high correlation with the BP values estimated using arterial sampling method, which is difficult and invasive for patients. 42, 43 Spatial preprocessing and statistical analysis of BP ND maps were performed using Statistical Parametric Mapping (SPM8, Institute of Neurology, University College of London). The [ ]-FDG-PET template with nonlinear transformation. All BP ND maps were transformed to the group template using a nonlinear transform function. Spatially normalized BP maps were smoothed with an isotropic Gaussian kernel with 8 mm full width at half maximum. To focus on the regional difference in BP ND , the effects of global BP ND difference were removed by scaling the BP ND of each voxel to the mean BP ND of the entire brain (proportional scaling in SPM).
In exploratory whole-brain SPM analyses, group differences in regional [ 18 F]-FFMZ BP ND between UHR and normal control groups were evaluated using 2-sample t statistics at every voxel. Regional [ 18 F]-FFMZ BP ND differences were considered statistically significant at a peak height threshold of uncorrected P < .005 with cluster size greater than 139 contiguous voxels, which corresponds to a threshold of P < .05 corrected by cluster level for multiple comparisons as estimated by 10 000 Monte Carlo simulations. 44 To confirm whole-brain SPM analysis results, ROI analyses were conducted. We calculated the mean BP ND at the caudate, putamen, nucleus accumbens, hippocampus, and parahippocampal gyrus in both hemispheres (all 10 ROIs). These regions were defined using the Anatomical Automated Labeling Atlas, 45 as shown in figure 1 . FFMZ BP ND in these ROIs was compared using MANOVA, which was performed using SPSS v.20 (SPSS). Bonferroni correction for multiple comparisons was applied by dividing the P value by 10 (all 10 ROIs).
To explore the relationships between the FFMZ BP ND in regions identified to have significant between-group difference from the whole-brain SPM analyses and the degrees of psychopathology and neurocognitive function in UHR individuals, we conducted correlation analysis. Additionally, we examined the correlations between the regional FFMZ BP ND in the 10 ROIs and clinical data. This analysis was performed using partial correlation analysis with age and years of education as covariates.
We used the Mann-Whitney U-test on continuous variables and Fisher's exact tests on categorical variables to evaluate differences of demographic data between groups. Statistical analyses were performed using SPSS v.20. All tests were 2 tailed and the threshold of significance was set at P < .05.
Results
Sociodemographic and Clinical Characteristics of Subjects
Eleven people at UHR (mean age 19.04 years, SD 2.27; 6 men and 5 women) and 15 normal controls (mean age 20.98 years, SD 1.52; 9 men and 6 women) were included. Mean educational years were 12.27 ± 1.74 for the UHR group and 13.47 ± 0.92 for the normal controls. No significant differences were found between the UHR and control groups with respect to age, sex ratio, or years of education (P = .087, .78, and .097, respectively).
In the UHR group, the mean scores of positive, negative, disorganization, and general subscales of SIPS were 11.5 ± 4.2, 13.0 ± 7.5, 2.8 ± 2.6, and 6.4 ± 5.3, respectively. The depression score from MADRS was 15.0 ± 9.9. In the neurocognitive task, scores of CVLT (total correct words) were 48.6 ± 10.7 for CVLT learning trials (1-5), 12.0 ± 3.1 for CVLT short-delay free recall, and 12.8 ± 2.1 for CVLT long-delay free recall. In addition, the mean results of CPT (sensitivity; d′), Stroop Test (inference error), WCST (perseveration error), COWAT (total words), and Figure Fluency When the 11 BZ-naive individuals at UHR were compared with the 15 normal controls using the 2-sample t-test of SPM8, the UHR group demonstrated significantly decreased GABA-A/BZ receptor binding in the right caudate at the level of 160 contiguous voxels with the threshold of uncorrected P < .005, which corresponds to cluster level corrected P < .05. ( figure 2 and table 1) . The individual distribution of FFMZ BP ND values in the caudate was presented by group of UHR and normal controls in figure 3 .
Automated ROI Analysis of Regional FFMZ BP ND . In ROI-based approaches, to assess between-group differences of FFMZ BP ND , MANOVA was applied to the FFMZ BP ND in the preselected ROIs as a dependent variable and groups of UHR and normal controls as fixed factors. The MANOVA showed a significant main effect for the group Fig. 1 . Region of interest (ROI) placement for PET analysis, which was defined using the Anatomical Automated Labeling Atlas. From above, caudate, putamen, nucleus accumbens, hippocampus, and parahippocampal gyrus in both hemispheres.
of UHR and normal controls on the ROIs (Pillai's trace = 0.66, F(10, 15) = 2.912, P = .030). Post hoc ANOVA in each ROI showed a significant difference in the right caudate (P = .007) among the 10 regions. The significance in the right caudate survived the Bonferroni correction for 10 multiple comparisons at trend level of P = .07. The mean and SD for regional FFMZ BP ND values for all the ROIs and the individual values were presented in table 2.
Correlations Between Regional FFMZ BP ND and Findings of Clinical Symptoms and Neurocognitive Performance in Individuals at UHR (n = 10)
For the right caudate identified to have significant betweengroup difference from the whole-brain SPM analyses, the individual mean values of FFMZ BP ND showed some trend of correlations with SIPS positive and negative prodromal symptoms, although their relationship did not reach the level of significance (r = −.64, P = .09 and r = −.67, P = .067, respectively). For neurocognitive function, FFMZ BP ND in the caudate did not demonstrate any significant correlations with neurocognitive tasks (P > .1). In the additional correlation analyses between the 10 ROIs and clinical characteristics, no significant relationships were observed.
Discussion
The present [ 18 F]-FFMZ PET study aimed to investigate whether GABA-A/BZ receptor binding abnormalities have already emerged in people at UHR, "putative" prodromal phase of schizophrenia in comparison with normal controls, and their relationships with psychopathology and neurocognitive functions. To our knowledge, this study provides the first in vivo PET evidence of GABAergic system alterations in individuals at UHR for psychosis. UHR subjects showed a significant reduction of GABA-A/BZ receptor BP ND in the right caudate compared with normal controls. The BP ND reductions in the right caudate were negatively correlated with positive and negative prodromal symptoms at trend levels. The present findings suggest that altered GABAergic transmission may play a crucial role in the pathophysiology of developing psychosis.
Reduced GABA-A BP ND in the Right Caudate in UHR Subjects
In the present [ 18 F]-FFMZ PET study, the GABA-A/ BZ receptor BP ND in UHR subjects was significantly reduced in the right caudate for the whole-brain analysis. Moreover, in the confirmatory ROI analysis, the difference was shown only in the right caudate among the 10 ROIs. Although the significance in the caudate was at trend level of P = .07 after applying the Bonferroni correction, the finding would confirm the meaningful GABA-A/BZ receptor BP ND reduction of the caudate in UHR, considering the small sample size. Consistent with this finding, a recent MRS study showed reduced GABA concentrations in the left basal ganglia, proposing a role of striatal GABAergic function in schizophrenia 14 (see discussion below). These results were also compatible with previous postmortem findings showing reduced GABA uptake sites in the basal ganglia of schizophrenic patients, 12 while a few postmortem findings of schizophrenic brains revealed no change 46 or upregulation of GABA receptors in the caudate. 11 These inconsistencies may be affected by differential down-or upregulation according to diverse subunit compositions of GABA-A receptors. It may also be contributed to by chronic exposure to antipsychotic medications and compensatory change. Indeed, a CSF study of GABA levels in recently ill medication-free schizophrenic patients showed that decreased GABA levels in the CSF may be found only in the early phase of the illness and that the GABA levels increase with time and with longterm medication. 47 Because the present findings shown in UHR individuals are relatively preserved from the above-mentioned secondary changes, our findings provide crucial evidence that altered GABAergic transmission in the caudate may already be present in the "putative" prodromal stage of psychosis.
Furthermore, the caudate region shown in the present study likely corresponds to the associative subdivision of the striatum, which has been implicated in the UHR sample for higher dopamine uptake in a recent [ 18 F]-DOPA PET study. 21, 22 It also corresponds to the associate caudate that showed higher glutamate level in the UHR and drug-naive first episode psychosis groups in another group's MRS study. 23 Because the striatum is a convergence region that is highly innervated by glutamatergic afferents from various regions and by dopaminergic inputs from the midbrain and that projects to a variety of brain networks, 16 the striatal GABA system may be a key modulator of inhibitory and excitatory systems of the human brain. Therefore, the altered GABAergic transmission in the caudate in our UHR individuals may be implicated in the pathogenesis of psychosis through imbalance of brain inhibitory and excitatory systems.
No Regional Between-Group Difference in the Hippocampus or Parahippocampal Gyrus
On the other hand, the present data did not show any significant between-group difference in the hippocampus or parahippocampal gyrus. This finding is consistent with previous in vivo PET imaging studies that did not show binding reductions in the medial temporal lobe in schizophrenia. 17, 38, 48 Meanwhile, the previous postmortem findings of schizophrenic brain showed selective loss of hippocampal pyramidal neurons with high densities of BZ binding site 46 or GABA-A receptor upregulation in the hippocampal formation. 49 However, these postmortem reports may be affected by compensatory upregulation of GABA-A receptors, as discussed above. The present findings did not support the possible role of hippocampal GABAergic interneuron proposed by the McGuire group. 21 According to their postulation, deficits of GABAergic interneuron in the hippocampus may affect the relevance of dorsal striatal dopamine interaction with hippocampal glutamate in the development of psychosis. The present findings suggest that the striatal hyperdopaminergia in psychosis and UHR might be influenced by the GABAergic system in the striatum itself rather than that in the hippocampus. Future investigations are needed to provide greater understanding of GABAergic function and neurochemical interactions in the medial temporal lobe in the process of psychosis.
Possible Explanations for the Reduced BP ND and Altered GABA Transmission
One possible explanation is that reduced GABA-A/BZ receptor binding in the caudate may be derived from striatal GABAergic neuronal loss and subsequent volume reduction, considering previous reports of reduced caudate volume in antipsychotic-naive schizophrenic patients. 50, 51 This issue may also be related to partial volume effect. However, a recent large-sized (n = 182), multicenter (5 different scanning sites) structural MRI study showed that there was no caudate volume reduction in UHR subjects. 52 Therefore, our finding of reduced BP ND in right caudate may not simply reflect the volume loss in UHR subjects.
A more plausible explanation is that it reflects primary or secondary pathophysiology of GABA-A/BZ receptor. Primary alteration of GABA-A receptor expression may lead to the finding of reduced GABA-A/BZ receptor binding. Because the subunit isoform expression patterns change during brain development, 53 abnormal changes of GABA-A receptors during development may lead to altered GABA system in schizophrenia. A genetic association study showed an involvement of a GABRG2 SNP of GABA-A γ2 subunit sensitive to BZ binding in schizophrenia vulnerability. 54 Another genetic study using knockout mice showed that a hyperdopaminergic state from midbrain dopamine neurons leading to deficits in sensorimotor information processing 55 may be affected by disruption of the α3 GABA-A receptors. Alternatively, reduced [ 18 F]-FFMZ BP ND may be a secondary phenomenon of downregulation of postsynaptic GABA-A/BZ receptor to the preceding presynaptic GABAergic deficits. A BZ ligand PET study in healthy subjects reported that the BZ binding sites of the GABA-A/BZ receptor were increased through conformational changes (the so-called "GABA-shift") in the presence of increased GABA levels in the synaptic cleft. 56 Accordingly, decreased GABA levels in the caudate, which were found in early phase of schizophrenia patients in a previous MRS study, 14 may lead to reduced affinity of the GABA-A/BZ receptor BZ site and subsequently reduced [ 18 F]-FFMZ binding. The [ 18 F]-FFMZ binding reduction in UHR subjects may be a plausible consequence of early insult to the striatal presynaptic GABAergic system. 17 In any case, the decreased GABA-A/BZ receptor BP ND in the striatum may reflect altered GABAergic transmission and/or inhibitory and excitatory system imbalance in UHR.
How Does Reduced GABA-A/BZ Receptor Binding Lead to the Subthreshold Psychotic Symptoms?
The present correlation analyses showed that the positive and negative symptoms in UHR individuals showed a negative trend with levels of GABA-A/BZ receptor BP ND in the caudate. This finding indicates the possibility that altered GABAergic transmission in the caudate before the onset of frank psychosis might contribute to development of psychotic symptoms. Considering the interactions between GABA and dopamine systems in the striatum, although striatal dopamine transmission was not examined in the present study, an imbalance between inhibitory and excitatory systems through altered GABA-A receptors in the striatum may affect dysregulations of dopaminergic neuron firing and dopamine release, which may lead to acquisition of an aberrant sense of novelty and psychotic symptoms. 57 
Limitations
These findings should be interpreted with caution, given the limitations of the present study. First, as reported by almost all previous prodromal studies, a portion of UHR subjects represent false positives and do not progress to overt psychotic disorder. Such cases could contaminate the GABA-A/BZ receptor binding reduction of "true" prodromal cases. In the present study, the transition rate was 18.9% (2/11) during 12 months of follow-up. This conversion rate is consistent with those of previous reports showing a probability of 16%-35% within 2 years. 19, 20 Second, the sample size of the present study may be too small for generalization of our finding to UHR and schizophrenia individuals. Further investigation with a larger sample of UHR and schizophrenia subjects is needed to validate the present findings. Third, our UHR sample included 2 individuals taking antipsychotic agents. Considering the convergence and interactions of dopamine and GABA, antipsychotics may affect GABA-A/BZ receptor binding patterns. However, the regional differences in GABA-A/BZ receptor binding in the right caudate remained noticeable, even in the between-group analysis for 9 UHR individuals (significance level of a minimum of 139 contiguous voxels with the threshold of uncorrected P < .005). Fourth, it cannot be excluded that the reduced BP ND may be related to altered endogenous ligand concentration, rather than changes to the GABA-A/BZ receptor itself or striatal volume loss. Finally, possible interactions between the GABA system and other neurotransmitters such as dopamine and glutamate were not examined. Further study combining neuroimaging techniques with other biological markers is needed to demonstrate these interactions in the pathophysiology of psychosis.
Conclusion
In summary, people at UHR demonstrated significantly reduced BP ND of GABA-A/BZ receptors in the right caudate. The localized binding reduction in the right caudate was related to increased prodromal-like symptoms at the trend level. These findings suggest that altered GABAergic transmission and/or the imbalance of inhibitory and excitatory systems in the striatum, as reflected by reduced GABA-A/BZ receptor binding, may have already emerged at the UHR, "putative" prodromal stage and seem to play a pivotal role in the pathophysiology of frank psychosis development.
